Does silicon supplementation affect plant traits that impact the performance and feeding behaviour of cereal aphids? by Rowe, Rhiannon C.
  
 
Does silicon supplementation affect plant traits that impact 
the performance and feeding behaviour of cereal aphids? 
 
By 
Rhiannon C. Rowe 
BSc (EnvSc) 
 
A thesis submitted in fulfilment of the requirements for the degree of 
Master of Research 
 
Hawkesbury Institute for the Environment 
Western Sydney University 
 
2018 
i 
 
Declaration of Authenticity 
 
The work presented in this thesis is, to the best of my knowledge and belief, original 
except as acknowledged in the text. I hereby declare that I have not submitted this 
material, either in full or in part, for a degree at this or any other institution. 
 
 
- - 
  
ii 
 
Preface 
 
This thesis comprises original research conducted by myself with guidance from my 
supervisor, Scott N. Johnson, as well as external advice from Piotr Trębicki at Agriculture 
Victoria Research (Horsham, Victoria). I conceptualised the research project together with my 
supervisor. I have conducted all the data collection, analyses and interpretation present in this 
thesis. I have written this thesis and all publications therein with guidance from my supervisor.  
 
Chapters 2 and 3 have been presented in a format appropriate for peer-reviewed journals. 
Some repetition was unavoidable where recurrent methodologies were used. 
  
iii 
 
Acknowledgements 
 
This work was undertaken as part of a Master of Research scholarship funded by the 
Hawkesbury Institute for the Environment (HIE), Western Sydney University. Thank you to 
all the students and staff at HIE for making me feel so welcome and for all the support and 
advice throughout my Master of Research program. 
My Master of Research supervisor, Scott Johnson, deserves the greatest thanks for his advice, 
support and guidance throughout my Masters, for which I am extremely grateful. My sincerest 
thanks go to Piotr Trębicki who has also provided invaluable guidance and advice; I would also 
like to give a special thank you to Piotr’s Plant Vector Borne Disease Research team at 
Agriculture Victoria’s Horsham Grains Innovation Park for welcoming me as one of their own. 
I would like to thank Andrew Gherlenda, Senior Technical Officer, HIE for his endless 
assistance, advice and chats throughout the past two years. Special thanks to Kate Bricknell 
and Philip Smith for their outstanding editing skills. 
Thank you to all of the team at the Western Sydney University Graduate Research School, 
especially Jack Tsonis and Alex Norman. Your feedback and encouragement during the 
coursework year was invaluable. 
I would lastly like to thank Mark Gatt and May Medak for your limitless encouragement and 
support over the last five years; my parents Lorraine and Jeff Rowe for always listening; and 
Sarah Facey who first sparked my interest in ecological research. 
  
iv 
 
List of Tables 
 
Table 1.1. Studies investigating how Si supplementation affects aphid performance 
in wheat, and efficacy of Si type and method of application ..............................................  9 
Table 2.1. Results of one-way ANOVA for each aphid species feeding on plants with 
and without Si supplementation ..........................................................................................  26 
Table 2.2. Feeding / probing behaviour of R. maidis and D. noxia on plants with and 
without Si supplementation. Mean values ± standard error shown with P values of 
ANOVA tests indicated in the adjacent column .................................................................  27 
Table 3.1. Results of one-way ANOVA for each aphid species feeding on plants with 
and without Si supplementation ..........................................................................................  40 
Table 3.2. Feeding / Probing behaviour of R. maidis and D. noxia on plants with and 
without Si supplementation. Mean values ± standard error shown with P values and 
ANOVA tests indicated in the adjacent column .................................................................  41 
  
v 
 
List of Figures 
 
Fig. 1.1. Proposed mechanisms by which plant silicon may improve direct anti-
herbivore defences. A) Unprotected plants are susceptible to all feeding guilds. 
B) Surface deposition and C) Within cell deposition can be effective against chewing 
herbivores. D) Plants with Si deposition in the cell wall have increased anti-herbivore 
defences. E) Si can alter HIPV composition and may impede the action of effectors 
released by herbivores. Figure courtesy of Scott Johnson. .................................................  4 
Fig. 2.1. Plant responses to Si supplementation (+Si, grey bars) and plants without Si 
supplementation (–Si, open bars). (A) plant biomass (dry), (B) foliar Si 
concentrations, (C) foliar C concentrations and (D) the negative correlation between 
foliar Si and C. Mean values ± standard error shown (N = 10). Statistical significance 
of Si supplementation (Si) on shoot and root biomass indicated (see main text for 
details on total biomass)......................................................................................................  23 
Fig. 2.2. Performance of R. maidis and D. noxia reared on plants receiving Si 
supplementation (+Si, grey bars) and plants without Si supplementation (–Si, open 
bars). Performance parameters displayed: (A) longevity (** indicates P < 0.01), (B) 
reproductive lifespan, (C) intrinsic rate of increase (rm) (* indicates P < 0.05); and 
(D) generation time. Mean values ± standard error shown with N indicated within 
each bar. ..............................................................................................................................  24 
Fig. 3.1 Plant responses to Si supplementation (+Si, grey bars) and plants without Si 
supplementation (–Si, open bars). (A) plant biomass (dry), (B) foliar Si 
concentrations, (C) foliar C concentrations (D) the negative correlation between 
foliar Si and C and (E) foliar trichome density. Mean values ± standard error shown 
(N = 10). Statistical significance of Si supplementation (Si) on each parameter 
indicated within each panel. ................................................................................................  38 
Fig. 3.2. Performance of R. maidis and D. noxia reared on plants receiving Si 
supplementation (+Si, grey bars) and plants without Si supplementation (–Si, open 
bars). Performance parameters displayed: (A) longevity, (B) reproductive lifespan, 
(C) intrinsic rate of increase (rm) and (D) generation time. Mean values ± standard 
error shown with N indicated within each bar. ...................................................................  39 
vi 
 
Abstract 
Plants have a range of natural defences that they deploy to protect themselves when faced with 
attacks from insect pests, many of which can be enhanced and exploited to protect 
commercially important crops. Plant biophysical properties (e.g. abrasiveness, toughness) can 
be manipulated with supplementation of bio-available silicon (Si), enabling plants to withstand 
attacks from herbivorous pests. Moreover, Si is reported to augment other forms of plant 
defence involving allelochemicals. Si is the second most abundant element in soil; however, 
for plants to take it up Si must be in the bio-available form of silicic acid. Bio-available Si can, 
however, become depleted in agricultural regions that are subjected to recurrent cropping 
which limits Si uptake. 
 
The extent of Si defence against herbivores is variable and may be dependent on the feeding 
guild to which they belong. Numerous studies report that high Si concentrations have strong 
negative effects on chewing folivores, but results for phloem feeders are mixed.  
 
Phloem feeding aphids are an important pest in Australian grain crops causing damage to 
foliage and grain while reducing yield with an average annual economic loss of A$241-482 
million. In this study, two invasive, oligophagous aphids Diuraphis noxia and Rhopalosiphum 
maidis are examined to investigate the impact of foliage Si accumulation on feeding behaviour 
and reproductive success.  
 
This glasshouse study uses two grass systems 1) wheat (Triticum aestivum) a globally 
important cereal crop; and 2) purple false brome (Brachypodium distachyon) a model plant 
system. We investigate the effect of Si supplementation on a) plant chemistry (including Si 
accumulation in foliage); b) plant biomass; c) aphid performance; and d) aphid feeding 
behaviour. Wheat and Brachypodium are thought to accumulate high concentrations of Si and 
both possess the Lsi1 and Lsi2 transporters necessary for active uptake and deposition of Si. 
The presence of these transporters, and the grass-focused oligophagous feeding behaviour of 
the study aphids make these grasses ideal for this research. 
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We found that Si supplementation altered plant chemistry in both plant systems. Foliage Si 
content increased by 170% for wheat and 102% for B. distachyon. Furthermore, carbon content 
was decreased by 5% wheat and 4% in B. distachyon. In B. distachyon, trichome density 
increased by 45%. Aphid feeding behaviour, performance and plant biomass were largely 
unaffected. 
 
Although the overall performance and feeding behaviour of the aphids was not significantly 
impacted by changes to foliage caused by Si supplementation, this research does contribute to 
addressing some research gaps. No previous work has been conducted on Si supplementation 
with D. noxia and R. maidis in either wheat or Brachypodium systems. To gain a better 
understanding of how Si can be used as a defence against herbivores, it is necessary to publish 
studies that report no significant effects. A meta-analysis on Si defences against herbivores 
would help to address the current research gaps. 
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Chapter 1 - General Introduction 
1.1 Plant defences against insect herbivores 
1.1.1 Constitutive and induced defences 
When plants are eaten by insect herbivores they protect themselves against the attack by using 
chemical and physical defences. These defences can be constitutive (i.e. always apparent), or 
induced, where plants detect and react to herbivory. Production of plant defences can be 
energetically costly, compelling the plant to strategise between the cost of prophylactic 
constitutive defences in anticipation of herbivory, or spend their resources on growth and 
development with the option of inducing defences if and when required (Stamp 2003; 
Furstenberg-Hagg, Zagrobelny & Bak 2013). 
 
Plants with tougher foliage are better able to resist herbivory by insects (Sanson 2006; Clissold 
2007). The rigidity and toughness of leaf tissue can be increased by inter- and intracellular 
deposition of cellulose, hemi-cellulose, lignin and silicon (Furstenberg-Hagg et al. 2013). This 
increased reinforcement forms an abrasive barrier that can protect foliage by damaging insect 
mouthparts (Reynolds, Padula, Zeng & Gurr 2016) and can deter feeding in some insect feeding 
guilds (Massey, Ennos & Hartley 2006). Trichomes, which can include those composed of 
silicon (e.g. Glazowska, Murozuka, Persson, Castro & Schjoerring 2018), form a direct 
constitutive physical defence against herbivory. Trichomes can impede an insect’s movement 
about the plant, inhibit oviposition and can cause physical damage such as tearing to insects 
(Werker 2000).  
 
Chemical defences in plants can be constitutive, or elicited when plants detect damage caused 
by herbivore feeding. Constitutive chemical defences can be present as allelochemicals that are 
secondary metabolites or compounds that are not necessary for a plant to survive and 
reproduce, but serve another purpose (Furstenberg-Hagg et al. 2013). These compounds can be 
toxic and limit feeding by poisoning or repelling the herbivore (Mello & Silva-Filho 2002) and 
play a major role in defence against herbivory.  
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1.1.2 Indirect defences 
When herbivores begin to feed, the plant can elicit a chemical response to repel the herbivore 
or use herbivore induced plant volatiles (HIPVs) to recruit beneficial predators and parasitoids 
as a biotic militia. Opportunistic predators and parasitoids respond to specific chemical cues 
emitted from plants undergoing herbivory and are drawn to the plant to feed or oviposit (Mello 
& Silva-Filho 2002; Alhousari & Greger 2018). This recruitment of beneficial predatory and 
parasitic arthropods is an indirect defence against herbivore attack. 
 
1.2 Silicon-based resistance to insect herbivores 
The relationship between a plant species and its accompanying insect herbivore is dynamic and 
has been from the time at which they evolved (Hartley & Jones 1996). As soon as plants 
develop anti-herbivore defences, insects develop strategies to overcome them (Mello & Silva-
Filho 2002; Furstenberg-Hagg et al. 2013). However, this evolutionary arms race can be 
enhanced by supplemental fertilisation of limited nutrients that have anti-herbivore properties 
such as silicon (Si) (Cooke & Leishman 2011; Reynolds et al. 2016; Debona, Rodrigues & 
Datnoff 2017). 
 
1.2.1 Silicon uptake and accumulation in plants 
While Si is highly abundant in soil, not all of it is accessible to plants (Frew, Weston, Reynolds 
& Gurr 2018). For plants to take up Si it must be present as silicic acid (Keeping & Reynolds 
2009). In agricultural soils that are subjected to recurrent cropping, plant available Si can be 
depleted (Ma & Yamaji 2006). Plants are classified by their ability to take up and accumulate 
Si with grasses being amongst the highest accumulators, accumulating Si up to 15% dry weight, 
medium accumulators 1-3% and non-accumulators less than 1% (Alhousari & Greger 2018). 
There is variation; however, even within a single taxonomic unit with wetland grasses taking 
up considerably more Si than dryland grasses (Debona et al. 2017; Alhousari & Greger 2018). 
Even though all plants that are grown in soil take up even trace amounts of Si, the essentiality 
of Si to plant health remains controversial (Epstein 2009). 
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Si uptake and accumulation is controlled by the Lsi1 and Lsi2 transporters the first of which 
was discovered in rice in 2006 (Ma & Yamaji 2006). In plants with these transporters, Si is 
taken up by roots as water soluble silicic acid and is transported throughout the plant via xylem. 
During transportation in xylem, Si remains in solution; however, once it reaches concentrations 
of approximately 100 ppm it polymerises and is deposited into non-vascular regions of the 
plant forming solid opaline phytoliths that cannot return to solution (Reynolds, Keeping & 
Meyer 2009; Reynolds et al. 2016).  
 
1.2.2 Constitutive and induced silicon 
Si uptake by plants can be constitutive, or induced when plants sustain damage with the type 
of damage influencing Si uptake, as does frequency (Massey, Ennos & Hartley 2007; Quigley 
& Anderson 2014; Hartley & DeGabriel 2016). Massey et al. (2007) found that both vertebrate 
mammals and insect herbivores can induce Si uptake, with repeated bouts of herbivory further 
increasing Si accumulation. When plants were exposed to non-biotic mechanical damage Si 
uptake was unchanged, which indicates that plants can recognise or perceive herbivore feeding 
(Bonaventure 2012; Quigley & Anderson 2014) and react by increasing Si uptake (Hartley & 
DeGabriel 2016). 
 
1.2.3 Mechanisms of silicon resistance 
Phytoliths deposited on the leaf surface along with between and within cells can increase the 
rigidity and toughness of foliage and stems, reducing palatability while assisting in anti-
herbivore defences by causing wear and damage to insect mouthparts (Cooke & Leishman 
2011; Frew et al. 2018). Phytoliths can alter the nutritional quality of the plant. When folivores 
feed on plants with high Si content Si is ingested, reducing the digestibility of food consumed 
so the insect must eat more food to obtain the same quantity of nutrients (Alhousari & Greger 
2018), further damaging their mouthparts (Hunt, Dean, Webster, Johnson & Ennos 2008). The 
effect of Si on chewing and boring insects is well studied and there is a clear effect, but the 
effect on phloem feeders is less researched and studies focusing on wheat have shown mixed 
results (Table 1.1) (Reynolds et al. 2009). Phloem feeding insects can avoid phytoliths on the 
leaf surface and between cells by moving their stylets around the phytolith (Fig 1.1) 
Additionally, aphids feed by ingesting phloem, and Si is taken up and transported by xylem so 
aphids could potentially avoid Si altogether (Massey et al. 2006). 
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Fig. 1.1 Proposed mechanisms by which plant silicon may improve direct anti-herbivore 
defences. a) Unprotected plants are susceptible to all feeding guilds. b) Surface deposition and 
c) Within cell deposition can be effective against chewing herbivores. d) Plants with Si 
deposition in the cell wall have increased anti-herbivore defences. e) Si can alter HIPV 
composition and may impede the action of effectors released by herbivores. 
Figure courtesy of Scott Johnson. 
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1.2.4 Indirect silicon defences 
While it is clear that Si provides a physical defence against herbivores, there is evidence of Si 
enhancing chemical defences too (Epstein 2009). Phytohormone pathways can be stimulated 
by Si which can elicit, suppress or alter HIPV signals, altering the efficacy of biological anti-
herbivore defences (Johnson et al. 2017). Changes to HIPV signals can enhance the attraction 
of plants undergoing herbivory to predators and parasitoids, enabling plants to recruit more 
natural enemies (Kvedaras, An, Choi & Gurr 2010; Liu et al. 2017a). 
 
Plants can recognise damage caused by chewing and boring folivores and adjust their chemical 
defences accordingly, but phloem feeders use a stealthier approach to feeding and can go 
undetected (Bonaventure 2012). During stylet probing, phloem feeding aphids secrete a gelling 
saliva that lubricates and protects the stylet limiting tissue damage and reducing the incidence 
of reactive HIPV production (Botha, Burger & Van Eck 2014). In this circumstance, plants can 
overcome this by recognising aphid vectored pathogens and proceed with HIPV emission 
(Reynolds et al. 2009). 
 
1.3 Aphids as pests 
Aphids (Hemiptera: Aphididae) are serious pests of agriculture worldwide and their short 
generation times and ability to reproduce parthenogenetically contributes to their ability to 
colonise a wide range of climatic conditions (Blackman & Eastop 2000; Ryalls & Harrington 
2017). Aphids feed on phloem sap by inserting their specialised mouthparts (stylets or 
proboscis) into plant tissue and use their stylets to ‘probe’ until phloem is reached, at which 
point the aphid stops probing and prepares to begin feeding (Douglas 2003). During the feeding 
process, plants can suffer damage due to removal of nutrients or by the injection of pathogens, 
viruses or toxic enzymes into plant tissue (Smith et al. 2004). 
 
The use of synthetic insecticides to protect crops has grown rapidly since the world’s shift from 
subsistence to commercial farming following the Industrial Revolution (Macfadyen et al. 
2014). Prophylactic insecticide applications are commonly used in protecting grain crops 
whether pest infestation is predicted, based on field histories, or not (Simon-Delso et al. 2015). 
Prophylactic insecticides include neonicotinoid seed dressings that are absorbed into plant 
tissue and dispersed around the plant (Douglas, Rohr & Tooker 2015). Seed dressings have 
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proven to successfully protect wheat against the Russian wheat aphid Diuraphis noxia in 
glasshouse trials, with a six to ten week (post emergence) range of effectiveness (Kirkland, 
Pirtle & Umina 2018) i.e. throughout the growth period. Neonicotinoids are highly water 
soluble and seed dressings readily dissolve as water flows through soil, transporting 
insecticides away from the target area (Chagnon et al. 2015). When insecticides or other 
pollutants move through soil, beneficial soil invertebrates and the ecosystem services they 
deliver can be at risk, causing a localised reduction in biodiversity (Edwards 2002; Douglas et 
al. 2015). Foliar insecticide sprays can cause the death of beneficial, non-target invertebrates 
either through direct exposure, or by contaminating pollen and nectar which many predatory 
and parasitic invertebrates use as supplemental diet (Pisa et al. 2015). Another problem with 
insecticide application is the target species’ ability to develop resistance. Aphid resistance has 
been observed in Rhopalosiphum padi in wheat (Wang et al. 2018), Aphis gossypii in cotton 
(Wang, Guo, Xia, Wang & Liu 2007), and the polyphagous aphid Myzus persicae (Macfadyen 
et al. 2014; Valenzuela & Hoffmann 2015).  
 
1.4 Study system 
1.4.1 Aphids 
This study examines two oligophagous aphids which have become significant pests of wheat 
in Australia, the Russian wheat aphid (Diuraphis noxia) and the corn aphid (Rhopalosiphum 
maidis) (Parry, Macfadyen & Kriticos 2012; Kirkland et al. 2018). Diuraphis noxia feeds on a 
variety of grasses (Yazdani et al. 2017), and as they feed they release a battery of enzymes in 
their saliva. The toxicity of these enzymes causes longitudinal rolling of leaves, stunted growth 
and chlorotic streaking, all of which reduce the plant’s photosynthetic capacity (Brewer & 
Webster 2001; Smith et al. 2004; Edwards, Franzmann, Thackray & Micic 2008; Yazdani et 
al. 2017). When the leaves roll inward, a protective tube is formed providing a refuge for aphids 
from natural predators and further enhances the plant’s susceptibility (Hughes, Hughes, 
Aeschlimann, Woolcock & Carver 1994). When D. noxia infests cereal crops the situation 
results in loss of grain yield, localised necrosis and can cause plant death in the instance of 
severe inundation (Yazdani et al. 2017). It remains unclear if D. noxia is a vector of viruses. 
Yazdani et al. (2017) refers to seven papers that make conflicting reports of D. noxia as a vector 
for disease. 
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Rhopalosiphum maidis feeds on cereals (Edwards et al. 2008) and is a vector of Barley yellow 
dwarf virus (BYDV) causing chlorosis, necrosis, and reduced plant size and grain yield (Parry 
et al. 2012). Rhopalosiphum maidis can reduce grain yield by 25.5% with an average cost 
A$10-19/ha (Valenzuela & Hoffmann 2015). While R. maidis has been present in Australian 
cereal crops since the arrival of European settlers (Parry et al. 2012), D. noxia is a more recent 
invasive species and was not detected until 2016 (Yazdani et al. 2017). With no known host-
specific natural enemies of D. noxia present in Australia (Hughes et al. 1994) and native grasses 
providing a range of alternative plant hosts, controlling D. noxia is considered a high priority 
for the Australian grains industry (Yazdani et al. 2017). The cosmopolitan nature, oligophagous 
feeding habits and rapid parthenogenetic reproduction of both aphids causes significant risks 
to global agriculture (Edwards et al. 2008). 
 
 1.4.2 Plants 
The global population is predicted to rise to 9.1 billion by 2050, so producing enough food for 
the future is emerging as an urgent priority (Birch, Begg & Squire 2011). For this to be achieved 
sustainably,  more food needs to be produced on existing agricultural land without spreading 
to non-developed regions (Hochman & Horan 2018). On the other hand, each year enough food 
to feed one billion people is destroyed by insect pests (Birch et al. 2011). Moreover, 42% of 
the world’s calorie intake come from just three cereal crops (wheat, maize and rice) (Deutsch 
et al. 2018). This thesis focussed on two grass systems with relevance to cereal-herbivore 
interactions; wheat (Triticum aestivum) and purple false brome (Brachypodium distachyon).  
 
Australia is a world leader in grain production and, despite having a relatively small population, 
wheat exports represent 12% of the international wheat market (Macfadyen et al. 2014; 
Hochman & Horan 2018). Aphids are a significant pest to wheat, damaging plants through 
direct feeding and virus transmission (Ng & Perry 2004). Yield loss caused by BYDV in wheat 
can be as high as 54%, while yield loss due to direct feeding averages 10.7% (Valenzuela & 
Hoffmann 2015).  
 
In this study, B. distachyon is used as a model. There are many characteristics that make a plant 
suitable for use as a model system. For Brachypodium spp., easy growth requirements; a short, 
easily mapped genome; short lifecycle and small stature are just some of the characteristics that 
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make it ideal as a model for grains research (Draper et al. 2001; Brkljacic et al. 2011). 
Brachypodium, like wheat, has both diploid and polyploid accessions (Gardiner et al. 2018), is 
capable of self-fertilisation and shares a close phylogenetic relationship with important cereal 
crops (Glazowska et al. 2018). 
 
Brachypodium was first used as a model in 1995 by Bablak, Draper, Davey and Lynch (1995) 
but not widely used again until 2001 when Draper et al. (2001) described in detail how 
Brachypodium is ideally suited as a model for grasses. They likened Brachypodium to 
Arabidopsis which has been used as a model for research in dicots since its first use in 1907, 
(Vogel 2016) as well as comparing and contrasting the suitability of Brachypodium versus 
Arabidopsis in studies in grasses. While the use of Brachypodium as a model has become more 
frequent, 564 publications by 2014 (Vogel 2016), it is seldom used to study plant-insect 
interactions.  
 
1.5 Previous work on Si supplemented wheat and aphids 
Brachypodium and wheat share a close phylogenetic relationship making them ideal to use in 
a combined study. Both possess the Lsi1 and Lsi2 transporters needed for Si uptake and 
accumulation (Glazowska et al. 2018; Coskun et al. 2019) and both are capable of accumulating 
large amounts of Si (Hodson, White, Mead & Broadley 2005). To our knowledge, there are no 
studies exploring the effect of Si on herbivores in Brachypodium, although there are nine 
studies that look at the effect of Si on aphids in wheat. 
 
Of the nine papers that investigate the effect of Si supplementation on aphid performance 
parameters, six examined aphid longevity and all found Si has a negative effect although the 
severity of the impact is different, depending on the mode of Si delivery (Table 1.1). When 
Goussain, Prado and Moraes (2005) applied calcium silicate to soil there was no difference in 
aphid longevity, but when they applied calcium sodium silicate to the soil and as a foliage 
spray, aphid longevity was shorter by one week. Costa and Moraes (2006) found a similar 
reduction in longevity. Basagli, Moraes, Carvalho, Ecole and Gonçalves-Gervásio (2003), 
Costa, Moraes and da Costa (2009) and Pereira, Moraes, Prado and Dacosta (2010) all reported 
significant differences in reproductive lifespan with silicic acid and sodium silicate applied to 
soil.   
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Table 1.1 Studies investigating how Si supplementation affects aphid performance in wheat, and efficacy of Si type and method of application. 
Herbivore common 
Herbivore Latin Si type 
Si application 
method Performance parameter -Si  +Si  % change 
Consequence for 
herbivore Author 
Greenbug (aphid) 
Schizaphis graminum sodium silicate Soil 
Duration of pre-
reproductive period (days) -5.2 -5.4 3.8 Negative 
Basagli et al. 2003 
Duration of reproductive 
period (days) -21.1 -17 -19.4 Negative 
Survival rate (%) 71 68 -4.2 Negative 
Longevity (days) 24.1 19 -21.2 Negative 
Pre-reproductive period 
(days) -5.2 -5.4 3.8 Negative 
Reproductive period (days) 21.1 17 -19.4 Negative 
Nymphs produced 
(detached leaves) 15.8 8.5 -46.2 Negative 
Nymphs produced  
(plants) 13.1 6.5 -50.4 Negative 
Greenbug (aphid) 
Schizaphis graminum sodium silicate 
Soil Number of adults 5.43 2.3 -57.6 Negative 
Moraes et al. 2004 
Spray Number of adults 5.43 2.27 -58.2 Negative 
Soil Number of nymphs 13.6 7.9 -41.9 Negative 
Spray Number of nymphs 13.6 7.2 -47.1 Negative 
Greenbug (aphid) 
Schizaphis graminum calcium silicate Soil 
Rate of population increase 0.37 0.25 -32.4 Negative 
Gomes et al. 2005 
Number of aphids 30.3 11.7 -61.4 Negative 
Greenbug (aphid) 
Schizaphis graminum 
calcium silicate Soil Duration of pre-reproductive period (days) -6.4 -6.6 3.1 Negative 
Goussain et al. 2005 
Ca_Na_silicate  Soil + Spray Duration of pre-reproductive period (days) -6.4 -6.8 6.3 Negative 
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Herbivore common 
Herbivore Latin Si type 
Si application 
method Performance parameter -Si  +Si  % change 
Consequence for 
herbivore Author 
Greenbug (aphid) 
Schizaphis graminum 
calcium silicate Soil Duration of reproductive period (days) 21.7 22.1 1.8 Negative 
Goussain et al. 2005 
Ca_Na_silicate  Soil + Spray Duration of reproductive period (days) 21.7 15.1 -30.4 Negative 
calcium silicate Soil Duration of post-reproductive period (days) 9.5 9.1 -4.2 Negative 
Ca_Na_silicate  Soil + Spray Duration of post-reproductive period (days) 9.5 8.7 -8.4 Negative 
calcium silicate Soil Longevity (days) 37.6 37.6 0.0 Neutral 
Ca_Na_silicate  Soil + Spray Longevity (days) 37.6 30.3 -19.4 Negative 
calcium silicate Soil Fecundity 89.4 72.2 -19.2 Negative 
Ca_Na_silicate  Soil + Spray Fecundity 89.4 59.4 -33.6 Negative 
 
Greenbug (aphid) 
Schizaphis graminum 
silicic acid 
Spray Growth rate 0.34 0.258 -24.1 Negative 
Costa et al. 2006 
Soil Growth rate 0.34 0.243 -28.5 Negative 
Soil + Spray Growth rate 0.34 0.272 -20.0 Negative 
Spray Avg number of nymphs 109.7 50 -54.4 Negative 
Soil Avg number of nymphs 109.7 26.9 -75.5 Negative 
Soil + Spray Avg number of nymphs 109.7 63 -42.6 Negative 
Spray Duration of post-reproductive period (days) 8.5 4.5 -47.1 Negative 
Soil Duration of post-reproductive period (days) 8.5 2.8 -67.1 Negative 
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Herbivore common 
Herbivore Latin Si type 
Si application 
method Performance parameter -Si  +Si  % change 
Consequence for 
herbivore Author 
Greenbug (aphid) 
Schizaphis graminum silicic acid  
Soil + Spray Duration of post-reproductive period (days) 8.5 3.7 -56.5 Negative 
Costa et al. 2006 
Spray Longevity (days) 36.8 30.9 -16.0 Negative 
Soil Longevity (days) 36.8 23 -37.5 Negative 
Soil + Spray Longevity (days) 36.8 34.2 -7.1 Negative 
Spray Number of adults 197.19 235.88 19.6 Positive 
Soil Number of adults 197.19 189.41 -3.9 Negative 
Soil + Spray Number of adults 197.19 214.42 8.7 Positive 
Spray Number of nymphs 486.45 360.65 -25.9 Negative 
Soil Number of nymphs 486.45 289.62 -40.5 Negative 
Soil + Spray Number of nymphs 486.45 204.42 -58.0 Negative 
Greenbug (aphid) 
Schizaphis graminum silicic acid Soil 
Reproductive period (days) 14.89 10.33 -30.6 Negative 
Costa et al. 2009 
Number of nymphs 23.67 17 -28.2 Negative 
Population growth rate 0.22 0.2 -9.1 Negative 
Longevity (days) 28.44 20 -29.7 Negative 
Greenbug (aphid) 
Schizaphis graminum silicic acid Soil 
Pre-reproductive period 
(days) -7.4 -8.1 9.5 Negative 
Pereira et al. 2010 
Reproductive period (days) 14.1 11 -22.0 Negative 
Post-reproductive period 
(days) 4.1 3.4 -17.1 Negative 
Number of nymphs 27.9 14.7 -47.3 Negative 
Longevity (days) 25.5 22.5 -11.8 Negative 
Population growth rate 0.3 0.2 -33.3 Negative 
12 
 
Herbivore common 
Herbivore Latin Si type 
Si application 
method Performance parameter -Si  +Si  % change 
Consequence for 
herbivore Author 
English grain aphid 
Sitobion avenae silica gel Soil 
Development time (days) -8.2 -8 -2.4 Positive 
Dias et al. 2014 
Development time (days) -9.4 -11.6 23.4 Negative 
Duration of reproductive 
period (days) 9.1 5.2 -42.9 Negative 
Duration of reproductive 
period (days) 12.2 10 -18.0 Negative 
Longevity (days) 10.2 6.3 -38.2 Negative 
     
Fecundity (Total) 26.8 14.8 -44.8 Negative 
Fecundity (Total) 29.3 23.6 -19.5 Negative 
Fecundity (Daily) 3.1 3.2 3.2 Positive 
Fecundity (Daily) 2.5 2.6 4.0 Positive 
Survival rate 0.63 0.7 11.1 Positive 
Survival rate 0.67 0.7 4.5 Positive 
Intrinsic rate of increase 0.25 0.22 -12.0 Negative 
Net reproductive rate 19.60 10.6 -45.9 Negative 
Generation time (days) -11.80 -10.9 -7.6 Positive 
Intrinsic rate of increase 0.21 0.16 -23.8 Negative 
Net reproductive rate 21.4 13.4 -37.4 Negative 
Generation time (days) -14.9 -15.8 6.0 Negative 
Population doubling -3.35 -4.18 24.8 Negative 
Finite rate of increase 1.23 1.18 -4.1 Negative 
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1.6 Project Objectives 
The overall purpose of this thesis is to examine the impact of Si supplementation on grasses 
and their phloem feeding herbivores. Using glasshouse experiments, this research focuses on 
two plant species – wheat (T. aestivum) and B. distachyon, and two aphids – R. maidis and 
D. noxia. Wheat is an economically important crop in Australia and the use of Brachypodium 
as a model for the grasses is continuing to grow. Rhopalosiphum maidis and D. noxia are 
important crop pests in global wheat growing regions, and can cause loss of grain yield through 
direct plant damage and virus transmission. Plants that take up and accumulate large amounts 
of Si can experience enhanced anti-herbivore properties against chewing herbivores, but the 
effect of Si accumulation on phloem feeders is not as well understood. 
 
A key component of this research was to examine if the plants in this study take up and 
accumulate more Si when fertilised with potassium silicate, compared to the control plants 
fertilised with potassium chloride (see following Materials and Methods section for details). It 
was established that Si treated plants do accumulate higher Si concentrations in foliage (see 
Chapters 2 and 3). Aphid performance and feeding behaviours were studied to find a link 
between elevated Si concentrations and enhanced anti-herbivore effects (see Chapters 2 and 3). 
If aphid performance and feeding patterns are negatively impacted by Si supplementation, their 
overall fitness may be reduced, limiting their ability to colonise Si treated crops. 
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1.7 Thesis Outline 
This thesis is divided into chapters but the overall themes and objectives remain consistent 
throughout. Chapters 2 and 3 are written as standalone publications for refereed journals and 
therefore some repetition in methodology and conceptual descriptions was inevitable.  
Chapter 1 describes the dynamic relationship between plants and herbivores and how changes 
in plant chemistry can alter herbivore–host interactions. This chapter provides a brief overview 
of previous work on Si supplemented wheat and how aphids can be affected; however, this is 
the first time that Brachypodium, Si and aphids have been combined in this way. 
Chapter 2 examines the link between Si accumulation in wheat and its direct effect on aphid 
performance and feeding behaviour. This research entitled ‘Cereal aphid performance and 
feeding behaviour largely unaffected by silicon enrichment of host plants’ is written as a stand-
alone paper to be submitted to Journal of Pest Science. 
Chapter 3 investigates the impact of Si supplementation on herbivory in a model plant system 
using methods that have not before been used with Brachypodium. This research entitled 
‘Silicon promotes trichome production in the model plant Brachypodium distachyon without 
affecting sap-feeding herbivores’ is written as a stand-alone paper to be submitted to Scientific 
Reports. 
Chapter 4 synthesises the key findings of this study and discusses the wider implications of 
these data in the context of areas of future research. 
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Abstract 
Each year in Australia A$241-482 million of grain yield is lost due to damage caused by aphid 
pests. Considering that 42% of calories consumed globally come from just three cereals, 
(wheat, maize and rice) protecting cereal crops from insect pests is crucial to ensuring future 
food security. Plants already have the means to protect themselves from herbivore attacks, 
possessing natural anti-herbivore defences. These defences can be enhanced in agricultural 
systems by adding silicon (Si). While the anti-herbivore effect of Si is widely accepted for 
chewing and boring insects, there is less research on the effect of Si on phloem feeders with 
results being both mixed and weak. The aphids Diuraphis noxia and Rhopalosiphum maidis 
are invasive pests of Australian grain crops. If Si supplementation limits aphid feeding and 
reproduction, there is potential to use Si to enhance current integrated pest management 
systems.  
This study uses a commercially available wheat cultivar (“Coolah”) and two important aphid 
pests D. noxia and R. maidis to investigate how Si supplementation can alter a) plant chemistry; 
b) plant biomass; c) aphid performance; and d) aphid feeding behaviour. 
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Silicon supplementation altered plant chemistry, with Si supplemented plants accumulating 
170% more Si and 5% less Carbon, although plant biomass was unaffected. Si supplementation 
did affect D. noxia by reducing longevity by an average of eight days; and intrinsic rate of 
increase decreased by 14%. All other performance and feeding parameters were unaffected. 
Feeding behaviour and performance were unaffected for R. maidis. 
 
Previous studies investigating the effect of Si supplementation on aphid performance in wheat 
have reported mixed results and focused largely on one species (Schizaphis graminum). To our 
knowledge, no studies have investigated the effect of Si supplementation on D. noxia and 
R. maidis in wheat. Although D. noxia performance reported a decrease in longevity and 
intrinsic rate of increase, Si supplementation could not at present be recommended as an anti-
herbivore treatment in wheat crops. 
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Introduction 
While silicon (Si) is not considered essential for plant growth, it does play a role in alleviating 
both biotic and abiotic stresses (Liang, Sun, Zhu & Christie 2007; Cooke & Leishman 2016; 
Debona et al. 2017). The rate of Si uptake varies with both individual species and taxa, being 
categorized as hyper-accumulators, accumulators, passive and non-accumulators (Frew et al. 
2018). The role of Si as a defence against insect pests is gaining interest (Epstein 2009), 
particularly in the Poaceae which can be hyper-accumulators (Ma & Yamaji 2006; Alhousari 
& Greger 2018). Grain crops in particular are vulnerable to attacks by herbivores, with yield 
loss from insect pests predicted to increase by 10-25% for every degree Celsius of warming 
(Deutsch et al. 2018). Annual losses in grain yield from aphid damage amount to A$241–482 
million in Australia alone (Valenzuela & Hoffmann 2015). With 42% of global calories 
consumed coming from just three grasses (maize, rice and wheat) (Deutsch et al. 2018), it is 
essential to increase resistance to insect pests while at the same time reducing reliance on 
pesticides. 
 
Si is taken up by roots and transported to shoots via the xylem where it is deposited in and 
around plant tissues (Ma & Yamaji 2015). Si can be deposited within or between cells, in the 
cell wall or as discrete structures (e.g. phytoliths) at the surface of leaves and stems (Cooke & 
Leishman 2011; Hartley, Fitt, McLarnon & Wade 2015). When herbivorous arthropods attempt 
to feed, their mouthparts can become damaged, (though not always; Kvedaras, Byrne, 
Coombes & Keeping 2009) and the digestibility and nutrient acquisition of their food can be 
reduced (Massey & Hartley 2006; Massey & Hartley 2009). The accumulation of Si within a 
plant may also enhance chemical defences by altering phytohormone signalling and production 
of defensive chemicals (Gomes, de Moraes, dos Santos & Goussain 2005; Ye et al. 2013; 
Reynolds et al. 2016; Alhousari & Greger 2018). Most recently, it has been hypothesised that 
Si may inhibit the activities of herbivore produced effector molecules which could otherwise 
compromise the plants defensive response (Frew et al. 2018; Coskun et al. 2019).  
 
The effect of Si deposition on arthropod feeding behaviour may differ depending on feeding 
guild, as phloem feeders (e.g. aphids) can manoeuvre their stylets (specially adapted 
mouthparts) around phytoliths and other Si structures during probing and can potentially avoid 
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them altogether (Massey et al. 2006). Chewers and borers, in contrast, are more likely to 
encounter phytoliths and other physical barriers and may therefore be more susceptible to such 
physical defences (Teixeira, Valim & Campos 2017; Alhousari & Greger 2018). However, this 
notion has not been systematically explored and studies report negative (e.g. Ranger et al. 2009) 
neutral (e.g. Teixeira et al. 2017) and positive (e.g. Johnson et al. 2017) effects of Si 
supplementation on aphid performance. Herbivores, including aphids, are often nitrogen 
limited (Mattson 1980) so this may also play a factor if Si supplementation affects primary 
metabolites in the same way as it is reported to affected secondary metabolites (Debona et al. 
2017). The relationships between plant Si and primary metabolites, such as nitrogenous 
compounds, have received limited attention and results are inconsistent. In particular, studies 
have reported negative (e.g. Wu et al. 2017; Johnson et al. 2018), neutral (e.g. Neu, Schaller & 
Dudel 2017) and positive (Hajiboland, Cherghvareh & Dashtebani 2016; Liu, Zhou & Sun 
2017b) relationships between Si and nitrogen concentrations in plant tissues. 
 
The effect of soil Si addition on wheat has so far only been studied in two aphid species; 
Schizaphis graminum and Sitobion avenae. All seven studies that reported the effects of Si 
supplementation on S. graminum performance found some negative impacts, although these 
studies also reported that other performance parameters were unchanged by Si supplementation 
(Basagli et al. 2003; Moraes et al. 2004; Gomes et al. 2005; Goussain et al. 2005; Costa & 
Moraes 2006; Costa et al. 2009; Pereira et al. 2010). Moreover, there are no consistent patterns 
for which performance parameters were affected by Si supplementation. For example, the 
reproductive period of S. graminum was negatively affected by Si in some studies (Goussain 
et al. 2005; Costa et al. 2009) but not others (Basagli et al. 2003; Pereira et al. 2010). The single 
study to address impacts of Si supplementation on S. avenae found negative impacts (Dias et 
al. 2014).  
 
The impacts of Si supplementation on the feeding behaviour of S. graminum have been 
investigated with Electrical Penetration Graph (EPG) assays (Tjallinge 1988). Aphids feed by 
inserting stylets through the epidermis and navigate an intercellular pathway via the cortical 
layer to the sieve tubes (Douglas 2003). Schizaphis graminum are able to penetrate the 
epidermis of Si supplemented wheat plants, though spend less time probing, potentially 
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because they withdraw their stylets more frequently, and ingest phloem for shorter periods on 
such plants (Goussain et al. 2005; Pereira et al. 2010; Costa, Moraes & DaCosta 2011).  
 
Australian grain crops are currently threatened by several invasive aphids with Diuraphis noxia 
and Rhopalosiphum maidis being the most serious (Yazdani et al. 2017). Diuraphis noxia was 
first detected in Australian cereal crops in Victoria in 2016 (Yazdani et al. 2017) while 
R. maidis, and the viruses it vectors, is thought to have been introduced by early settlers (Parry 
et al. 2012). Diuraphis noxia is a destructive pest that injects damaging enzymes into plant 
tissue during feeding, causing longitudinal rolling of affected leaves as well as weakening the 
entire plant (Smith et al. 2004; Yazdani et al. 2017). Feeding by R. maidis also damages plant 
tissue and overall health, but its primary mode of damage is as a vector of Barley yellow dwarf 
virus (Parry et al. 2012). 
 
This study aimed to establish the effects of Si supplementation on (a) plant growth, (b) foliar 
chemistry (concentrations of Si, carbon (C) and nitrogen (N)), (c) aphid (D. noxia and 
R. maidis) performance and (d) feeding behaviour using EPG. We hypothesise that Si 
supplementation (a) increases plant growth, (b) increases Si concentrations and alters 
concentrations of C and N, (c) reduces aphid performance and (d) increases non-probing times 
and the number of probes taken to reach phloem sieve tubes and decreases phloem ingestion 
and xylem drinking times. 
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2.2 Materials and Methods 
2.2.1 Plants, Insects and Experimental Conditions 
Two hundred wheat plants (Triticum aestivum cultivar ‘Coolah’) were grown from seed 
(Australian Grain Technologies, SA, Australia) in one litre pots containing field soil recovered 
from the Hawkesbury Campus of Western Sydney University (33.6138 ºS, 150.7500 ºE). 
A 50:50 composite of a loam and sandy loam soil with low bioavailable Si (16.00 ± 3.46 mg 
kg-1) was used (full details in Table S1). Plant cultivation and experiments were undertaken in 
single glasshouse chamber maintained at 22°C with 60% humidity and 16 h light: 8 h dark 
cycle. The chamber received supplemental light supplied by overhead 400w high pressure 
sodium lamps. Plants received 30 ml of fertilizer (Thrive All Purpose, Yates Australia, NSW, 
Australia) three weeks after sowing and again at seven weeks. 
 
One week after sowing, plants were assigned at random to +Si and –Si treatments. +Si plants 
were watered with 50 mL of treatment solution consisting of potassium silicate (Agsil32, PQ 
Australia, SA, Australia) at a concentration of 2 mM (SiO2 equivalent) and adjusted to pH 7 
using HCl. –Si plants were watered with 50 mL of control solution containing KCl to balance 
additional K+ and Cl- in the +Si treatments. Solutions were applied every three days for the 
duration of the experiment. 
 
Cultures of D. noxia and R. maidis were established from a single parthenogenetic female 
obtained from laboratory cultures at Agriculture Victoria Research (Horsham, VIC, Australia). 
Cultures were reared on caged barley (Hordeum vulgare cultivar ‘Hindmarsh’) plants under 
the same conditions as above. 
 
2.2.2 Plant Biomass and Foliar Chemistry 
Twenty plants were used to establish the effects of Si supplementation on plant growth 
(biomass). A further 20 plants were used to determine foliar concentrations of Si, C and N. In 
each case, half of the plants were +Si and half were –Si. Plants were grown under the conditions 
outlined above before being harvested 60 days after sowing to coincide with the aphid 
performance component of the experiment (see below). Empty clip cages were secured to these 
aphid-free plants to ensure comparability with plants used for individual aphid performance 
(see below). 
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2.2.3 Chemical Analysis 
Leaves were oven dried at 60 ºC for five days, then ball-milled to a fine powder (Retsch MM 
400, Haan, Germany) prior to chemical analysis. 80 mg of ground leaf material was analysed 
to measure Si concentration using X-ray fluorescence spectrometry (Epsilon 3x; PANalytical, 
EA Almelo, The Netherlands), calibrated using citrus plant material of known Si 
concentrations. 
 
Carbon and nitrogen concentrations of 6 mg of ground samples were analysed using a Carlo 
Erba CE1110 elemental analyser with thermal conductivity and mass spectrometric detection 
(of N2 and CO2). The percentage of C and N in the sample was calculated using orchid plant 
material of known C and N concentrations. 
 
2.2.4 Aphid Performance  
Eighty plants (40 of each Si treatment) were used to establish the effects of Si supplementation 
on aphid performance using an approach similar to that of Ryalls et al. (2017b). A single teneral 
adult of D. noxia was applied to the adaxial leaf surface of 20 +Si plants and 20 –Si plants. 
This was repeated for R. maidis using a further 20 +Si and 20 –Si plants. Aphids were secured 
to the youngest leaf of each plant using a 25 mm foam clip cage (Bioquip Products, California). 
To avoid damaging the plant, the weight of the cage was supported by being tethered to a 
bamboo stake (300 mm high) that was placed into the soil. After 12 hr, the adult aphid and all 
but the youngest nymph were removed from each clip cage so that each cage contained one 
nymph only. Each nymph was subsequently examined daily until death occurred, with the 
following parameters recorded: pre-reproductive period (d), number of offspring produced 
(Md), reproductive lifespan and longevity. The intrinsic rate of increase (rm = 0.74 (ln Md)/d) 
and generation time (4d/3) were subsequently calculated from the relevant parameters (Wyatt 
& White 1977). 
 
2.2.5 Aphid Feeding Behaviour (EPG) 
Eighty plants (40 of each Si treatment) were used to monitor aphid feeding behaviour for 
D. noxia and R. maidis using a similar approach to Valenzuela et al. (2017). Electrical 
Penetration Graphs (EPG) were recorded using GIGA-8DC monitor with a 1-Giga Ω input 
resistance (EPG Systems, Wageningen, The Netherlands). Each recording was conducted using 
the same settings, with only plant voltage being adjusted for individual recordings. EPG 
amplifiers were protected from electrical interference by being placed in Faraday cages. The 
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laboratory temperature was kept stable at 22 ºC and fluorescent lighting was on for the duration 
of all recordings. 
 
Adult females of both aphid species were individually secured to a stage using a gentle vacuum. 
A gold wire (30 mm long, 20 µm diameter) was attached to each aphid and secured using a 
water-based silver conductive glue (EPG Systems, Wageningen, The Netherlands). The gold 
wire was then attached to a 0.2 mm copper wire attached to a brass nail that was placed in the 
input connector of the amplifier. Aphids were placed on the adaxial surface of the newest fully 
emerged leaf and monitored for 6 hours. Once the recordings had taken place, waveform 
identification was performed manually using Stylet+a (EPG Systems, Wageningen, The 
Netherlands). 
 
2.2.6 Statistical Analysis 
Plant biomass and chemistry were analysed with one-way ANOVA with Si supplementation 
as the fixed factor. Aphid performance and feeding behaviour (EPG) was analysed with a one-
way ANOVA for each species separately. 
 
Unless otherwise stated (see Figure and Table legends) analyses were conducted on 
untransformed data. Where data were not normally distributed (determined with the Anderson-
Darling test), Johnson transformations were applied to meet normality (Johnson 1949; Chou, 
Polansky & Mason 1998). The Kruskal-Wallis test was used where transformations were not 
possible. All analysis was conducted in Minitab (version 18, PA, USA). 
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2.3 Results 
2.3.1  Plant Biomass and Foliar Chemistry 
Plant biomass was unaffected by Si supplementation, in terms of shoot and root biomass 
(Fig. 2.1A) or total combined biomass (F1,18 = 0.62, P = 0.441). Foliar silicon concentrations 
increased by 170% in plants supplemented with Si compared to those plants that were untreated 
with Si (Fig. 2.1B). Si supplementation also resulted in significant declines of foliar C 
concentrations (Fig. 2.1C) but foliar N concentrations were largely unaffected (F1,18 = 0.00, 
P = 0.946). Examining the relationship between foliar concentrations of Si and C demonstrated 
a very strong negative correlation between the two (Fig. 2.1D). There was no relationship 
between foliar Si concentrations and foliar N concentrations (r = -0.182, n = 10, P = 0.443). 
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Fig. 2.1. Plant responses to Si supplementation (+Si, grey bars) and plants without Si 
supplementation (–Si, open bars). (A) plant biomass (dry), (B) foliar Si concentrations, (C) 
foliar C concentrations and (D) the negative correlation between foliar Si and C. Mean values 
± standard error shown (N = 10). Statistical significance of Si supplementation (Si) on shoot 
and root biomass indicated (see main text for details on total biomass). 
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2.3.2  Aphid Performance 
With the exception of generation time, performance parameters were generally higher for 
D. noxia than R. maidis although in most cases were unaffected by Si supplementation 
(Fig. 2.2; Table 2.1). For R. maidis, there was no statistically significant impact (Table 2.1) on 
longevity (Fig. 2A), reproductive life span (Fig. 2.2B), intrinsic rate of increase (rm) (Fig. 2.2C) 
or generation time (Fig. 2.2D). For D. noxia, feeding on +Si plants resulted in a significant 
decrease in longevity (-24.9 %) and rm (-13.5 %) (Figs. 2.2A and 2.2C, respectively; Table 2.1). 
Reproductive life span (Fig. 2.2B) and generation time (Fig. 2.2D) were not affected by Si 
supplementation. 
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Fig. 2.2. Performance of R. maidis and D. noxia reared on plants receiving Si supplementation 
(+Si, grey bars) and plants without Si supplementation (–Si, open bars). Performance 
parameters displayed: (A) longevity (** indicates P < 0.01), (B) reproductive lifespan, (C) 
intrinsic rate of increase (rm) (* indicates P < 0.05); and (D) generation time. Mean values ± 
standard error shown with N indicated within each bar.  
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2.3.3 Aphid Feeding Behaviour (EPG) 
Feeding behaviour of both aphid species was largely unaffected when feeding on +Si plants 
compared to those feeding on –Si plants (Table 2.2). Contrary to our predictions, feeding 
parameters such as non-probing time, number of probes, phloem ingestion and xylem drinking 
times were unaffected by Si supplementation. 
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Table 2.1. Results of one-way ANOVA for each aphid species feeding on plants with and without Si supplementation. 
 
 
 
 
 
 
 
 
1 refers to H-value derived from Kruskal Wallis test 
 
Aphid performance 
parameter 
Rhopalosiphum maidis Diuraphis noxia 
F P F P 
Longevity 3.20 0.082 8.73 0.005 
Reproductive lifespan 0.781 0.377 2.27 0.141 
Intrinsic rate of increase 
(rm) 2.31 0.140 4.21 0.047 
Generation time 0.67 0.420 2.221 0.136 
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Table 2.2. Feeding / probing behaviour of R. maidis and D. noxia on plants with and without Si supplementation. Mean values ± standard 
error shown with P values of ANOVA tests indicated in the adjacent column.  
 
Aphid feeding parameter 
Rhopalosiphum maidis Diuraphis noxia 
-Si +Si P -Si +Si P 
Total duration of stylet difficulties 59.97 ± 58.81 68.56 ± 28.22 0.885 0.00 0.00  
Total duration of xylem drinking 70.19 ± 12.60 69.06 ± 17.65 0.625 60.70 ± 17.34 58.24 ± 11.40 0.903 
Total duration of phloem salivation 25.77 ± 6.57 26.49 ± 13.31 0.578 25.63 ± 6.58 26.13 ± 4.57 0.295 
Total duration of phloem ingestion 31.84 ± 18.38 24.74 ± 12.37 0.793 192.36 ± 51.41 185.91 ± 48.00 0.841 
Total duration of intercellular probing 194.22 ± 21.00 158.19 ± 13.98 0.179 80.60 ± 12.40 88.60 ± 13.78 0.671 
Total duration of no probing 48.81 ± 10.56 72.89 ± 15.11 0.279 20.43 ± 8.64 15.04 ± 4.25 0.541 
Total probing time 280.20 ± 15.88 268.14 ± 16.28 0.762 328.57 ± 11.48 343.35 ± 3.95 0.272 
Time from first probe to first phloem 
phase 239.33 ± 25.36 292.34 ± 21.53 0.130 99.60 ± 19.12 136.20 ± 17.94 0.100 
Number of probes 5.93 ± 0.78 7.54 ± 1.10 0.235 3.14 ± 0.65 3.53 ± 0.74 0.827 
Number of intercellular probes 8.73 ± 0.89 10.62 ± 1.14 0.197 4.93 ± 0.84 4.73 ± 0.86 0.760 
Number of no probes 5.07 ± 0.80 6.69 ± 1.13 0.242 2.14 ± 0.65 2.53 ± 0.74 0.827 
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2.4 Discussion 
This study established that Si supplementation with potassium silicate caused very substantial 
increases in Si accumulation in the foliage of wheat but this had minimal impacts on the 
performance and feeding behaviour of two important aphid pests, R. maidis and D. noxia. 
Diuraphis noxia was slightly worse affected than R. maidis when feeding on Si supplemented 
plants; however, these effects were weak overall and mostly confined to a decrease in 
longevity. 
 
With the exception of one study, which investigated Sitobion avenae (Dias et al. 2014), 
research on aphid performance and feeding behaviour on Si supplemented wheat has focused 
exclusively on Schizaphis graminum (Basagli et al. 2003; Moraes et al. 2004; Costa & Moraes 
2006; Costa et al. 2009; Pereira et al. 2010). 
 
Our results suggest that R. maidis and D. noxia are not as adversely affected as S. graminum 
when feeding on Si supplemented wheat plants. As noted in the introduction, however, there is 
considerable variation in S. graminum responses. Taken together, for example, only 18 of the 
35 performance parameters reported by Basagli et al. (2003), Moraes et al. (2004), Gomes et 
al. (2005), Goussain et al. (2005), Costa and Moraes (2006), Costa et al. (2009) and Pereira et 
al. (2010) were statistically significant. Moreover, in the present study we measured four 
performance parameters and if we applied the (admittedly very conservative) Bonferroni 
correction for multiple statistical testing, only the reduced longevity of D. noxia would meet 
statistical significance at the revised confidence interval of 99%.  
 
We found that Si supplementation had no impact on plant biomass. While there are numerous 
studies that report Si supplementation results in plant growth (reviewed by Frew et al. 2018), 
this has recently been brought into question (Coskun et al. 2019). In particular, Coskun et al. 
(2019) argue that Si does not increase plant growth and that previously reported increases in 
plant growth have likely arisen because Si was relieving the plant of an unknown stress. While 
our results are consistent with this notion (i.e. we did not observe enhanced plant growth), this 
remains a contested point. In particular, other researchers suggest Si supplemented plants 
achieve higher growth rates by substituting Si for structural support in lieu of more 
energetically costly compounds (e.g. lignin and cellulose) (Raven 1983; Cooke & Leishman 
2011; Strömberg, Di Stilio & Song 2016). In the present study, we observed a negative 
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correlation between foliar Si and C concentrations, which is at least consistent with this 
proposition. 
 
Results from the present study are broadly in agreement with Massey et al. (2006), who 
proposed that sap-feeding herbivores may be less adversely affected by Si defences than 
mandibulate chewing herbivores. While high concentrations of Si were a deterrent to folivore 
feeding Lepidopteran larvae, they found that feeding preferences for grain aphid Sitobion 
avenae were not diminished for Si treated plants and suggested that aphids feeding on phloem 
would not be inhibited by Si located in the epidermis or being transported by xylem. 
 
We investigated just two cereal aphid species, however, and it remains possible that other aphid 
species could be more adversely affected by Si defences in wheat. Moreover, we investigated 
the Si supplementation of plants in soil conditions rather than the exclusion of Si which can 
only really be achieved in hydroponic situations (e.g. Ye et al. 2013). It is possible that stronger 
differences in performance may have been observed if compared to aphids feeding on 
completely Si-free plants. In terms of practical application (e.g. pest management), however, 
soil-based supplementation studies are more realistic as all soils contain some bioavailable Si 
(Haynes 2017). 
 
Wheat readily takes up Si and is potentially a crop that could benefit from Si defences in terms 
of pest resistance. Our results suggest this is less feasible for R. maidis and D. noxia and other 
methods should be pursued. In reporting these findings, we encourage researchers to report 
instances where Si defence is less effective against herbivores so that we can build an accurate 
picture of the underlying mechanisms for Si defence in plants. 
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Abstract 
The use of Brachypodium as a model plant species for grasses has increased over the past few 
decades and it is used extensively to investigate both biotic and abiotic plant stresses. 
Surprisingly few studies have used Brachypodium to study plant-insect interactions. Many 
grasses, including Brachypodium, take up and accumulate high concentrations of silicon (Si) 
from the soil. Silicification in foliage can have anti-herbivore properties, enhancing the plant’s 
capacity to defend itself against insect pests, especially for chewing herbivores. The effect of 
foliage accumulated Si on phloem feeders (e.g. aphids) is less understood and has not been 
studied for Brachypodium. 
 
This study used Brachypodium distachyon and two important aphid pests, Diuraphis noxia and 
Rhopalosiphum maidis, to investigate the effect of Si supplementation on (i) plant growth; 
(ii) foliar chemistry (concentrations of Si, carbon (C) and nitrogen (N)); (iii) foliar trichomes; 
(iv) aphid performance; and (v) aphid feeding behaviour. 
 
Si supplementation had no impact on plant growth but resulted in higher concentrations of Si 
(+102%) and lower concentrations of C (-4%) in the foliage. Moreover, there was a strong 
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negative correlation between foliar Si and C concentrations. There was also a trend for lower 
N concentrations in Si supplemented plants and a negative relationship between Si and N 
concentrations in foliage (only significant at a 90% confidence interval). Si supplementation 
increased trichome density on the foliage by 45%. 
 
Despite large increases in Si accumulation and synthesis of foliar trichomes, aphids were 
largely unaffected by Si supplemented plants. The duration of phloem ingestion declined by 
53% for R. maidis; however, all other feeding and performance parameters were unaffected. 
Feeding and performance were unchanged for D. noxia. 
 
To our knowledge, this is the first study to investigate the effect of Si supplementation on 
herbivore feeding and performance parameters in Brachypodium. Although both aphid species 
were largely unaffected by Si supplementation, this study indicates that B. distachyon can 
accumulate high concentrations of Si and could be used as a model plant system in Si studies. 
 
  
32 
 
Introduction 
Brachypodium distachyon, also known as purple false brome has become a model plant species 
in studies involving plant functional traits and plant-pathogen interactions (Olsen et al. 2006; 
Sandoya & Buanafina 2014). Brachypodium shares a close phylogenetic relationship to wheat 
and other temperate grasses including the small grains (oat and rye) and temperate forage 
grasses. Moreover, it possesses many characteristics that make it suitable for use as a model, 
including short lifecycle (c. 15 weeks), diploid and polyploidy accessions (Olsen et al. 2006), 
small genome (272 Mbp), small stature, capacity for self-pollination and highly-efficient 
transformation system (100-1,000 seeds per plant) (Brkljacic et al. 2011). Brachypodium is 
used to better understand the biology of temperate grasses at molecular, cellular and genetic 
levels (Li et al. 2012) and, like Arabidopsis, is suitable for basic research that requires large 
numbers of individual plants, carefully controlled growth conditions, multiple generations and 
genetic analysis (Draper et al. 2001; Brkljacic et al. 2011). 
 
Brachypodium is widely used to investigate a range of plant stresses including drought, thermal 
stress and plant pathogens (Tao et al. 2016; Vogel 2016) but few studies have used 
Brachypodium for studying plant-insect interactions, despite it having clear potential. To our 
knowledge, only three studies have used Brachypodium to study plant-insect interactions. 
Sandoya and Buanafina (2014) tested resistance and susceptibility of eight Brachypodium 
genotypes to the phloem feeding Russian wheat aphid (Diuraphis noxia) and the folivorous fall 
armyworm (Spodoptera frugiperda). They found varied levels of resistance to D. noxia 
amongst the genotypes tested, which may be useful in defining quantitative trait loci in further 
studies. Tao et al. (2016) established that B. distachyon was a suitable host for Schizaphis 
graminum and that it could become infected with Barley yellow dwarf virus via this vector. 
Hargarten et al. (2017) used B. distachyon for elucidating plant resistance mechanisms to 
hessian fly (Mayetiola destructor). 
 
When plants are under threat from herbivore attack they must defend themselves to be able to 
tolerate or resist the attack yet grasses generally have fewer chemical defences than other plant 
taxa (Vicari & Bazely 1993; Moore & Johnson 2016). Foliar silicon (Si) content is a plant 
functional trait that can influence a plant’s ability to survive herbivore induced and other 
stresses (Katz 2018). Many grasses are considered hyper-accumulators of Si (Hodson et al. 
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2005; Glazowska et al. 2018). Si can be deposited within or between cells, in the cell wall or 
as discrete structures (e.g. phytoliths) at the surface of leaves and stems (Cooke & Leishman 
2012; Hartley et al. 2015). When herbivorous arthropods attempt to feed, Si serves as a physical 
defence (Massey & Hartley 2009) that impedes access and can (but not always) damage the 
mouthparts of chewers and borers (Moraes et al. 2004; Kvedaras et al. 2009; Debona et al. 
2017; Frew et al. 2018). Si uptake may also enhance constitutive and inducible defences 
(Hartley & DeGabriel 2016). Si accumulation itself is an inducible defence and many plants 
increase rates of Si uptake following bouts of herbivory (Hartley and DeGabriel 2016). Si is 
also an important component of trichomes which act as a barrier to insect feeding and 
movement (Epstein 2009; Hartley et al. 2015; Kumar, Soukup & Elbaum 2017). 
 
Silicification in Brachypodium has not been well characterised, but there is evidence that 
Brachypodium spp. takes up relatively large amounts of Si. For example, of the 735 plant 
species examined by Hodson et al. (2005), B. sylvaticum was ranked twenty-third with Si 
concentration reaching 3.105%. More recently, Glazowska et al. (2018) found that Si deficient 
plants formed shorter and less dense trichomes in B. distachyon suggesting that Si is important 
for trichome formation. Trichome density and resistance to insect pests is often positively 
correlated (Werker 2000); non-glandular trichomes limit insect movement, feeding and 
oviposition whereas glandular trichomes can be toxic, adhesive and repellent to insects 
(Furstenberg-Hagg et al. 2013). Given that high Si uptake increases plant toughness and 
trichome density, this raises the prospect that Si defences against herbivores could be enhanced 
in Brachypodium that received Si supplementation. 
 
Diuraphis noxia and Rhopalosiphum maidis are serious pests of cereal crops, with aphids 
causing A$241- $482 million worth of crop damage each year in Australia alone (Valenzuela 
& Hoffmann 2015). In this study we used B. distachyon as a model crop to establish the effects 
of Si supplementation on (a) plant growth, (b) foliar traits (concentrations of Si, carbon and 
nitrogen, and trichome density), (c) aphid (D. noxia and R. maidis) performance and (d) feeding 
behaviour using Electrical Penetration Graph (EPG) techniques. We hypothesise that Si 
supplementation increases (a) plant growth, (b) Si uptake and trichome density, and alters 
carbon-nitrogen ratios, (c) reduces aphid performance and (d) interferes with feeding behaviour 
(e.g. increases non-probing time and the number of probes taken to reach phloem sieve tubes 
and decreases phloem ingestion and xylem drinking times). 
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3.2 Materials and Methods 
3.2.1 Plants, Insects and Experimental Conditions 
Two hundred and eight Brachypodium plants (Brachypodium distachyon BD21-3) were grown 
from seed (INRA, Versailles, France) in one litre pots containing field soil recovered from the 
Hawkesbury Campus of Western Sydney University (33.6138 ºS, 150.7500 ºE). A 50:50 
composite of a loam and sandy loam soil with low bioavailable Si (16.00 ± 3.46 mg kg-1) was 
used (full details in Table S1). Plant cultivation and experiments were undertaken in single 
glasshouse chamber maintained at 22°C with 60% humidity and 16 h light: 8 h dark cycle. The 
chamber received supplemental light supplied by overhead 400w high pressure sodium lamps. 
Plants received 30 ml of fertilizer (Thrive All Purpose, Yates Australia, NSW, Australia) three 
weeks after sowing and again at seven weeks.  
 
One week after sowing, plants were assigned at random to +Si and –Si treatments. +Si plants 
were watered with 50 mL of treatment solution consisting of potassium silicate (Agsil32, PQ 
Australia, SA, Australia) at a concentration of 2 mM (SiO2 equivalent) and adjusted to pH 7 
using HCl. –Si plants were watered with 50 mL of control solution containing KCl to balance 
additional K+ and Cl- in the +Si treatments. Solutions were applied every three days for the 
duration of the experiment. 
 
Cultures of D. noxia and R. maidis were established from a single parthenogenetic female 
obtained from laboratory cultures at Agriculture Victoria Research (Horsham, VIC, Australia). 
Cultures were reared on caged barley (Hordeum vulgare cultivar ‘Hindmarsh’) plants under 
the same conditions as above. 
 
3.2.2 Plant Biomass, Trichome Density and Foliar Chemistry 
Twenty plants were used to establish the effects of Si supplementation on plant growth 
(biomass). A further 20 plants were used to determine foliar concentrations of Si, C and N. In 
each case, half of the plants were +Si and half were –Si. Plants were grown under the conditions 
outlined above before being harvested 60 days after sowing to coincide with the aphid 
performance component of the experiment (see below). Empty clip cages were secured to these 
aphid-free plants to ensure comparability with plants used for individual aphid performance 
(see below). Eight plants, half +Si and half -Si were used to measure trichome density on the 
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adaxial leaf side. Three leaves from each plant were randomly selected, magnified 40x and 
photographed. A 2x2 mm section was isolated and each trichome in that section counted. 
 
3.2.3 Chemical Analysis 
Leaves were oven dried at 60 ºC for five days, then ball-milled to a fine powder (Retsch MM 
400, Haan, Germany) prior to chemical analysis. 80 mg of ground leaf material was analysed 
to measure Si concentration using X-ray fluorescence spectrometry (Epsilon 3x; PANalytical, 
EA Almelo, The Netherlands), calibrated using citrus plant material of known Si 
concentrations. 
 
Carbon and nitrogen concentrations of 6 mg of ground samples were analysed using a Carlo 
Erba CE1110 elemental analyser with thermal conductivity and mass spectrometric detection 
(of N2 and CO2). The percentage of C and N in the sample was calculated using orchid plant 
material of known C and N concentrations.  
 
3.2.4 Aphid Performance  
Eighty plants (40 of each Si treatment) were used to establish the effects of Si supplementation 
on aphid performance using an approach similar to that of Ryalls et al. (2017b). A single teneral 
adult of D. noxia was applied to the adaxial leaf surface of 20 +Si plants and 20 –Si plants. 
This was repeated for R. maidis using a further 20 +Si and 20 –Si plants. Aphids were secured 
to the youngest leaf of each plant using a 25 mm foam clip cage (Bioquip Products, California). 
To avoid damaging the plant, the weight of the cage was supported by being tethered to a 
bamboo stake (300 mm high) that was placed into the soil. After 12 hr, the adult aphid and all 
excluding the youngest nymph were removed from each clip cage so that each cage contained 
one nymph only. Each nymph was subsequently examined daily until death occurred, with the 
following parameters recorded: pre-reproductive period (d), number of offspring produced 
(Md), reproductive lifespan and longevity. The intrinsic rate of increase (rm = 0.74 (ln Md)/d) 
and generation time (4d/3) were subsequently calculated from the relevant parameters (Wyatt 
& White 1977). 
 
3.2.5 Aphid Feeding Behaviour (EPG) 
Eighty plants (40 of each Si treatment) were used to monitor aphid feeding behaviour for 
D. noxia and R. maidis using a similar approach to Valenzuela et al. (2017). Electrical 
Penetration Graphs (EPG) were recorded using GIGA-8DC monitor with a 1-Giga Ω input 
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resistance (EPG Systems, Wageningen, The Netherlands). Each recording was conducted using 
the same settings, with only plant voltage being adjusted for individual recordings. EPG 
amplifiers were protected from electrical interference by being placed in Faraday cages. The 
laboratory temperature was kept stable at 22 ºC and fluorescent lighting was on for the duration 
of all recordings. 
 
Adult females of both aphid species were individually secured to a stage using a gentle vacuum. 
A gold wire (30 mm long, 20 µm diameter) was attached to each aphid and secured using a 
water-based silver conductive glue (EPG Systems, Wageningen, The Netherlands). The gold 
wire was then attached to a 0.2 mm copper wire attached to a brass nail that was placed in the 
input connector of the amplifier. Aphids were placed on the adaxial surface of the newest fully 
emerged leaf and monitored for 6 hours. Once the recordings had taken place, waveform 
identification was performed manually using Stylet+a (EPG Systems, Wageningen, The 
Netherlands). 
 
3.2.6 Statistical Analysis 
Plant biomass and chemistry were analysed with one-way ANOVA with Si supplementation 
as the fixed factor. Aphid performance and feeding behaviour (EPG) was analysed with a one-
way ANOVA for each species separately. 
 
Unless otherwise stated (see Figure and Table legends) analyses were conducted on 
untransformed data. Where data were not normally distributed (determined with the Anderson-
Darling test), Johnson transformations were applied to meet normality (Johnson 1949; Chou et 
al. 1998). The Kruskal-Wallis test was used where transformations were not possible. All 
analysis was conducted in Minitab (version 18, PA, USA) or Genstat (version 18, VSN 
International, Hemel Hempstead, UK). 
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3.3 Results 
3.3.1 Plant Biomass, Foliar Chemistry and Trichome Density 
Plant biomass was unaffected by Si supplementation, in terms of shoot and root biomass 
(Fig. 3.1A) or combined biomass (F1,18 = 2.34, P = 0.144). Foliar silicon concentrations 
increased by 102% in plants supplemented with Si compared to those plants that were untreated 
with Si (Fig. 3.1B). Si supplementation resulted in significant declines of foliar C 
concentrations (Fig. 3.1C). Foliar N concentrations were less affected but did show a non-
significant trend to become lower in Si supplemented plants (F1,18 = 3.45, P = 0.080). There 
was a strong negative correlation between foliar concentrations of Si and C (Fig. 3.1D). While 
not statistically significant at the 95% confidence interval, there was also a negative 
relationship between Si accumulation and foliar N concentrations (r = -0.420, n = 10, 
P = 0.066). Trichome density increased by 45.52% in +Si plants compared to those that were 
untreated with Si (Fig. 3.1E). 
 
3.3.2 Aphid Performance 
All performance parameters excluding generation time, were slightly higher for R. maidis than 
D. noxia although all were unaffected by Si supplementation (Fig. 3.2; Table 3.1). 
 
3.3.3 Aphid Feeding Behaviour (EPG) 
With the exception of R. maidis experiencing a shorter duration of phloem ingestion on +Si 
plants compared with those feeding on –Si plants, feeding behaviour was largely unaffected 
for both aphid species (Table 3.2). Contrary to our predictions, feeding parameters such as non-
probing time, number of probes, phloem ingestion and xylem drinking times were unaffected 
by Si supplementation. 
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Fig. 3.1. Plant responses to Si supplementation (+Si, grey bars) and plants without Si 
supplementation (–Si, open bars). (A) plant biomass (dry), (B) foliar Si concentrations, (C) 
foliar C concentrations (D) the negative correlation between foliar Si and C and (E) foliar 
trichome density. Mean values ± standard error shown (N = 10). Statistical significance of Si 
supplementation (Si) on each parameter indicated within each panel. 
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Fig. 3.2. Performance of R. maidis and D. noxia reared on plants receiving Si supplementation 
(+Si, grey bars) and plants without Si supplementation (–Si, open bars). Performance 
parameters displayed: (A) longevity, (B) reproductive lifespan, (C) intrinsic rate of increase 
(rm) and (D) generation time. Mean values ± standard error shown with N indicated within each 
bar. 
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Table 3.1. Results of one-way ANOVA for each aphid species feeding on plants with and without Si supplementation 
 
   
 
 
 
 
 
 
1 refers to H-value derived from Kruskal Wallis test
Aphid performance 
parameter 
Rhopalosiphum maidis      Diuraphis noxia 
F P F P 
Longevity 0.04 0.839 0.23 0.632 
Reproductive lifespan 0.18 0.676 0.66 0.426 
Intrinsic rate of increase ( rm) 0.13 0.719 0.00 0.953 
Generation time 0.691 0.406 2.031 0.154 
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Table 3.2. Feeding / Probing behaviour of R. maidis and D. noxia on plants with and without Si supplementation. Mean values ± standard 
error shown with P values and ANOVA tests indicated in the adjacent column 
 
1 only one individual recorded 
Aphid feeding parameter 
Rhopalosiphum maidis Diuraphis noxia 
-Si +Si P -Si +Si P 
Total duration of stylet difficulties 73.90 ± 24.07 65.30 ± 17.53 0.820 55.23 ± 16.16 43.94 ± 11.89 0.573 
Total duration of xylem drinking 106.09 ± 34.99 54.98 ± 16.03 0.302 36.81 ± 6.76 89.16 ± 19.86 0.022 
Total duration of phloem salivation 4.40 ± 1.22 6.17 ± 1.12 0.272 16.73 ± 6.52 10.32 ± 2.98 0.523 
Total duration of phloem ingestion 186.05 ± 17.54 86.75 ± 19.40 0.015 2.821 21.52 ± 8.73 0.619 
Total duration of intercellular probing 142.07 ± 26.23 174.61 ± 27.31 0.230 200.55 ± 55.75 172.25 ± 23.13 0.180 
Total duration of no probing 31.06 ± 8.68 47.68 ± 18.44 0.698 81.22 ± 12.19 68.59 ± 12.56 0.205 
Total probing time 321.16 ± 7.81 280.38 ± 20.04 0.065 273.48 ± 12.18 285.99 ± 12.30 0.221 
Time from first probe to first phloem 
phase 202.89 ± 28.81 217.30 ± 26.15 0.895 235.27 ± 33.94 216.73 ± 26.46 0.427 
Number of probes 7.71 ± 1.41 7.33 ± 1.12 0.906 12.4 ± 1.04 9.74 ± 1.57 0.112 
Number of intercellular probes 10.35 ± 1.48 10.17 ± 1.36 0.972 18 ± 1.45 16.32 ± 2.02 0.741 
Number of no probes 6.76 ± 1.44 6.88 ± 1.11 0.852 11.6 ± 0.99 9.11 ± 1.57 0.112 
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3.1 Discussion 
In recent decades Brachypodium been used extensively as a model plant system in biological 
research to answer a host of research questions (Tao et al. 2016; Vogel 2016). To the best of 
our knowledge, this is the first study to investigate the effects of Si supplementation of 
B. distachyon on herbivore performance and feeding behaviour. In particular, we established 
that B. distachyon accumulated very high concentrations of Si in the foliage when 
supplemented with potassium silicate and that trichome density increased as a result of this 
supplementation. Neither the higher concentrations of Si in the foliage or the increased density 
of foliar trichomes were associated with anticipated declines in performance of either R. maidis 
or D. noxia however. Moreover, detailed analysis of feeding behaviour using EPG showed that 
aphids continued to feed in a similar manner regardless of Si supplementation and 
accumulation in their host plant. 
 
Trichome density increased by over 45% in B. distachyon plants enriched with Si so it was 
surprising that this had no impact on the performance or behaviour of aphids. Our results are 
consistent with those of Glazowska et al. (2018) who found a positive link between Si supply 
and leaf trichome formation in B. distachyon. In particular, they demonstrated that a low Si 
accumulating B. distachyon mutant (Bdlsi1-1) possessed shorter and less dense trichomes on 
their leaves. They speculated that this may have anti-herbivore properties. Indeed, trichomes 
often play an important role in anti-herbivore defences by limiting oviposition, feeding and 
movement of small insects on the leaf surface (Werker 2000; Furstenberg-Hagg et al. 2013). 
We found no detectable negative impact on R. maidis or D. noxia which suggests that they are 
either able to overcome their effects or the trichomes do not have a defensive role. Other studies 
with aphids have similarly found that aphids are unaffected by non-glandular leaf trichomes 
(Simmons, Gurr, McGrath, Nicol & Martin 2003) possibly because trichome pubescence, even 
in Si treated plants, is not sufficient to impede aphid mobility on the leaf. 
 
While Si concentration increased in the Si supplemented plants, biomass was not affected. 
Several previous studies have reported an increase in biomass with Si supplementation (Frew 
et al. 2018); however, there is potential that the increase in biomass is due to Si relieving abiotic 
stresses (Cooke & Leishman 2016) and in unstressed plants there may be no effect (Ma, Miyake 
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& Takahashi 2001; Coskun et al. 2019). Although there was no change in biomass, we did find 
a strong negative correlation between foliar Si and C concentrations suggesting that Si was 
used as an energetically cheaper C substitute to increase the strength and structure of foliage 
while conserving energy (Cooke & Leishman 2011). Interestingly, we noted a trend for Si 
supplemented plants to have lower concentrations of N and a negative trend between Si 
accumulation and foliar N concentrations (although neither were statistically significant at the 
95% confidence interval; P = 0.08 and P = 0.066, respectively). While this was not associated 
with negative impacts on herbivores in the current study, many herbivores are often N limited 
(Mattson 1980) so this may contribute to negative impacts in other herbivore taxa. 
 
In this study we found that Si supplementation had no effect on aphid feeding behaviour or 
performance. While aphids do occasionally make contact with xylem vessels and imbibe some 
of the contents, their primary source of sustenance is phloem sap (Douglas 2003) which is not 
a part of the Si transportation system (Ma & Yamaji 2015). Aphids, as phloem feeders, might 
therefore be generally less affected by Si accumulation in plants than other feeding guilds (e.g. 
chewers). Our results support the findings of Massey et al. (2006) who found that Si had no 
effect on aphid feeding preference or population growth, although they did find strong anti-
herbivore effects on chewing herbivores. 
 
While Brachypodium is used extensively as a model to better understand abiotic plant stresses 
and pathogens (Tao et al. 2016; Vogel 2016), there are very few studies that use Brachypodium 
to investigate plant-insect interactions. This study is the first to use B. distachyon to investigate 
the effect of Si supplementation on aphid feeding behaviour and performance, and while Si 
supplementation did not affect the aphid performance parameters reported here, this research 
does help to build knowledge on Si as an anti-herbivore defence. 
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Chapter 4 - General Discussion 
4.1 Key findings 
This study found that while Si supplementation resulted in increased accumulation of Si in the 
foliage of both plant systems, and an increase in trichome density in B. distachyon, the impact 
of Si accumulation on both aphid species was minimal. 
 
Although foliar Si concentrations did increase, the specific patterns of Si deposition within and 
between plant tissues was not examined in this study. Hartley et al. (2015) found variation in 
Si deposition patterns in grasses within the one genus, indicating that Si defences could differ 
according to the location of Si within the leaf. In particular, higher concentrations in certain 
tissues or the structure and shape of phytoliths may underpin defence against herbivores rather 
than protection being conferred by higher Si concentrations per se. 
 
Insect feeding guilds are affected by Si deposition in different ways and the strength of Si as 
an anti-herbivore defence may be influenced by this. Chewing and boring insects are more 
likely to experience strong negative impacts than sap-feeders, likely because aphids can simply 
avoid phytoliths when probing (Massey et al. 2006). 
 
4.2 Future research topics – virus transmission 
Si has been shown to improve plant resistance to fungal diseases (Domiciano et al. 2010; 
Coskun et al. 2019) but to our knowledge there has been no work on Si defences against aphid 
vectored viruses. Annual loss of yield caused by pathogens is 10-16% globally (Chakraborty 
& Newton 2011) with aphids vectoring 275 species of plant viruses (Shah, Khan, Junaid, Majid 
& Mohi-ud-din 2015). 
 
Rhopalosiphum maidis is a vector of Barley yellow dwarf virus (BYDV) which is a major cause 
of yield loss in wheat (Valenzuela & Hoffmann 2015). BYDV is classified as being a 
‘persistent’ virus because it passes from the plant through the aphid’s gut, into haemolymph 
and then into the salivary glands and can be transmitted by the aphid when it feeds. The aphid 
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continues to transmit the virus for the duration of its life (Shah et al. 2015). In plants, BYDV 
is found in phloem sap and sieve elements and thus can only be transmitted to aphids if they 
reach and ingest phloem. The minimum time recorded for BYDV acquisition by aphids is 
fifteen minutes, with plant inoculation taking 10-30 minutes (Shah et al. 2015; Trębicki et al. 
2016).  
 
While Si supplementation did not affect aphid feeding behaviour in this study, Costa et al. 
(2011) found a fifty percent reduction in aphids (Schizaphis graminum) reaching and ingesting 
phloem in Si treated wheat plants, and those that did reach phloem fed for shorter periods. 
Schizaphis graminum is a vector of BYDV, maize dwarf mosaic virus, sugarcane mosaic virus 
and millet red leaf virus (Emden & Harrington 2007). There is therefore potential for Si to alter 
BYDV transmission rates by reducing the number of aphids that reach phloem and shortening 
ingestion times. Tao et al. (2016) found that B. distachyon is a suitable host for BYDV which 
makes B. distachyon an ideal model plant system for this area of future research, particularly 
in studies combined with wheat.  
 
4.3 Future research topics – changing climate 
The earth’s climate is undergoing rapid changes as a result of increasing anthropogenic 
greenhouse gas emissions causing atmospheric carbon dioxide (CO2) levels to rise (Pachauri 
& Meyer 2014). With atmospheric CO2 concentration predicted to rise from the current level 
of 400 ppm to 800 ppm by the end of this century (Stocker et al. 2013) it is important to 
determine how aphid feeding and performance will change under future climate scenarios 
given their pest status. 
 
Individual studies have shown neutral and negative impacts of elevated CO2 (eCO2) on aphid 
performance (Trębicki et al. 2016) with eCO2 reducing fecundity by 34% and intrinsic rate of 
increase and mean relative growth rate reduced by 10%. There was no change to aphid 
development time, mean generation time, time to reach maturity or time between instars. A 
review by Trębicki, Dáder, Vassiliadis and Fereres (2017) found similar results with eCO2 
reporting both negative and neutral impacts on aphid performance. When data were combined 
across 270 studies in a meta-analysis, however, Robinson, Ryan and Newman (2012) reported 
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a positive impact of eCO2 on sap feeding taxa more generally with fecundity increasing by 
8.5%, survival rates increasing by 16% and abundance increasing by 22%. 
Furthermore, Si defences have been found to decline under eCO2 in several grass species 
(Ryalls, Hartley & Johnson 2017a; Johnson & Hartley 2018). The reasons for this may stem 
from the fact that plants have more access to carbon under eCO2 conditions, so the advantage 
of using Si in lieu of carbon based compounds (e.g. cellulose and lignin) for structural support 
may become less advantageous. Indeed, Johnson and Hartley (2018) showed that eCO2 tended 
to promote production of carbon based defences (e.g. phenolics), while accumulation of Si 
showed a marked decline. At current CO2 levels, Si defences against aphids appear to be weak, 
at least for the species in this study but also several others (e.g. Massey et al. 2006; Teixeira et 
al. 2017). With rising CO2 levels potentially having a positive impact on aphid performance 
and Si defences declining under eCO2 it is likely that Si defences against aphids will become 
even weaker under future climate scenarios. 
 
4.4 Future research topics – longer term impacts 
While feeding behaviour and performance was largely unaffected by Si supplementation, this 
study observed just one aphid generation. The aphids used in this study are non-native to 
Australia and able to reproduce entirely asexually because of the absence of an overwintering 
phase (which involves sexual reproduction in their native range). In particular, they reproduce 
parthenogenetically with telescopic generations, i.e. an embryo begins to develop while inside 
her mother and grandmother (Dixon 1998). There is potential for aphids to undergo 
transgenerational phenotypic plasticity either by first generation aphids conserving resources 
for herself and her daughter when faced with a poor quality plant host, and thereby limiting 
resources to her developing granddaughter; or by influencing whether or not her progeny is 
alate (winged) or apterous (wingless). Alates are typically much less fecund than apterous 
aphids because resources are allocated to flight tissues (Dixon 1998). Alate aphids, being 
winged, are also capable of searching for better quality plant hosts. Choice tests using alate 
English grain aphids (Sitobion avenae) have found 54% less aphids on Si treated wheat 
72 hours after inoculation (Dias et al. 2014). To our knowledge, multi-generational impacts on 
aphids has not been studied with Si supplemented host plants or other anti-herbivore defences. 
Multi-generational studies could be useful in predicting how Si defences affect aphids in more 
realistic field scenarios – if aphid populations decline as a result of reduced reproductive 
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performance or feeding behaviour over multiple generations; or if more offspring are alate 
there is potential for Si to be used as part of an integrated pest management system. 
 
4.5 Conclusions and unanswered questions 
The effects of Si defences against aphids has been controversial for some time (Massey et al. 
2006; Keeping & Kvedaras 2008) with more recent proponents for (Dias et al. 2014; Debona 
et al. 2017) and against (Teixeira et al. 2017) the effectiveness of Si defences against this taxa. 
While we found little evidence for Si affecting the two aphid species feeding on two host plants 
in the current study, it is acknowledged that there remains the possibility that Si may help with 
pest management if it reduced virus transmission and had longer term adverse effects via 
telescoping of aphid generations. These cannot be seen as highly effective however since 
management of aphids relies on stopping virus transmission altogether (or at least greatly 
reducing it) and growers expect populations to be managed in the very short term.  
 
Why is there still uncertainty about whether Si is effective against aphid pests? There are 
several possible reasons, one of which is that researchers sometimes conflate the effects of 
foliar Si sprays with Si defences naturally obtained from the soil (e.g. Keeping & Kvedaras 
2008). Si can only be taken up by plants via the roots and foliar sprays are therefore not 
comparable with Si defences that are deposited and deployed by the plant itself. Rather, foliar 
sprays simply act as an exogenous barrier in the same way as other sprays act (e.g. white oil). 
This may account for some reports of Si negatively affecting aphids.  
 
Another factor is that researchers are often reluctant to publish work where they found few 
significant effects (as in this study). In ecological studies, for example, Csada, James and Espie 
(1996) estimate that 91.4% of papers report a significant result for the main hypothesis. In other 
words, researchers may have found many examples of null effects of Si on aphids but simply 
not reported them. Indeed, Reynolds et al. (2009) reviewed some studies that did go ahead and 
publish null findings. Oftentimes, the inadvertent inference was that the experiments had failed 
or been unsuccessful; “Sunio et al., (2000) could not show a correlation between silica content 
and….”, “Mebrahtu et al., (1988) could not demonstrate…”. Nonetheless, Reynolds et al. 
(2009) readily acknowledged that there may be many unpublished studies that report no effects, 
but saw no reason why one feeding guild would be more represented than another. To our 
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knowledge, there has been no meta-analysis on Si defences against herbivores such as those 
that have been done for Si-based resistance to abiotic stress (e.g. Cooke & Leishman 2016). 
This would undoubtedly go some way toward identifying trends in the different ways that Si 
can affect diverse feeding guilds and could address some of these unanswered questions.   
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Appendix 
 
Table S1 Chemical composition of composite loam and sandy loam sourced from a field 
at Hawkesbury Campus of Western Sydney University 
Nutrient Units Average 
Silicon % 16 ± 3.46 
Total Carbon % 1.04 ± 0.29 
Total Nitrogen % 0.08 ± 0.02 
Phosphorus mg/kg 16.84 ± 1.51 
Nitrate Nitrogen mg/kg 11.46 ± 6.54 
Ammonium Nitrogen mg/kg 2.29 ± 0.52 
pH  units 5.8 ± 0.22 
Estimated Organic Matter % OM 1.83 ± 0.50 
Calcium  mg/kg 421.24 ± 141.75 
Potassium  mg/kg 115.34 ± 24.92 
 
 
